Import of most nucleus-encoded preproteins into mitochondria is mediated by N-terminal presequences and requires a membrane potential and ATP hydrolysis. Little is known about the chemical nature and localization of other mitochondrial targeting signals or of the mechanisms by which they facilitate membrane passage. Mitochondrial heme lyases lack N-terminal targeting information. These proteins are localized in the intermembrane space and are essential for the covalent attachment of heme to c type cytochromes. For import of heme lyases, the translocase of the mitochondrial outer membrane complex is both necessary and sufficient. Here, we report the identification of the targeting signal of mitochondrial heme lyases in the third quarter of these proteins. The targeting sequence is highly conserved among all known heme lyases. Its chemical character is hydrophilic because of a large fraction of both positively and negatively charged amino acid residues. These features clearly distinguish this signal from classical presequences. When inserted into a cytosolic protein, the targeting sequence directs the fusion protein into the intermembrane space, even in the absence of a membrane potential or ATP hydrolysis. The heme lyase targeting sequence represents the first topogenic signal for energy-independent transport into the intermembrane space and harbors two types of information. It assures accurate recognition and translocation by the translocase of the mitochondrial outer membrane complex, and it is responsible for driving the import reaction by undergoing high-affinity interactions with components of the intermembrane space.
T
argeting and translocation of most nucleus-encoded mitochondrial proteins depend on N-terminal extensions referred to as mitochondrial targeting sequences or presequences (1) (2) (3) . A presequence typically consists of 15-40 amino acid residues and is enriched in positively charged and hydroxylated (mostly serine) residues. The ability of most presequence peptides to form amphipathic ␣-helices is thought to be important for their recognition by the translocation machineries in the mitochondrial outer (TOM complex) and inner (TIM complex) membranes (4, 5) . Biochemical studies of the past few years have established a series of interactions of the translocating presequence during entry of mitochondria. At the TOM complex, these interactions are established with surface receptors (mainly Tom20 and Tom22) and the translocation channel (mainly Tom40; reviewed in refs. 6 and 7). At the TIM17͞23 complex, the presequence interacts with the intermembrane space domain of Tim23 (8) before it is transferred to Tim44 and Hsp70 on the matrix side.
A significant fraction of mitochondrial proteins (about 30%) lack typical N-terminal presequences. In particular, all proteins of the mitochondrial outer membrane and some proteins of the intermembrane space and the inner membrane are devoid of such signals. For a small number of these preproteins, the targeting signals have been identified. Some outer membrane proteins such as Tom70 contain N-terminal targeting information consisting of a short presequence-like segment, followed by a membrane-anchor (''stop-transfer'') sequence (9, 10) . Insertion of Tom22 into the outer membrane depends on an internal segment resembling an N-terminal presequence (11) . Thus, the Tom70 and Tom22 precursors are recognized by the TOM machinery by features similar to presequence-containing preproteins (12, 13) . Another class of outer membrane proteins represented by Bcl-2 carries import information within a C-terminal hydrophobic segment that mediates membrane insertion (for review see ref. 14) .
At the inner membrane, the insertion of the integral protein Bcs1p by the TIM17͞23 complex requires an internal presequencelike segment (15) . This targeting element functions in combination with a preceding hydrophobic stretch to achieve membrane potential-dependent integration into the bilayer. Members of the family of mitochondrial carrier proteins lack N-terminal targeting information (16) . Internal positively charged segments known as ''carrier sequence motifs'' have been proposed to act as targeting signals (17) . The carrier proteins are recognized by a group of small Tim proteins in the intermembrane space, which deliver them to the Tim22͞54 complex for membrane integration (see, e.g., refs. [17] [18] [19] [20] [21] . A similar import pathway seems to be followed by several integral membrane proteins (22) .
For many other mitochondrial proteins, the targeting signals and mechanisms of recognition and transport are hitherto unknown. A particularly interesting family of proteins are mitochondrial cytochrome heme lyases, which are peripherally associated with the outer face of the inner membrane (23) . Cytochrome c 1 heme lyase (CC 1 HL) and cytochrome c heme lyase (CCHL) mediate the covalent attachment of heme to the apoforms of cytochromes c 1 and c, respectively (for review see refs. 24 and 25) . Translocation of these proteins has been shown to follow a unique pathway (26, 27) . For entry into the intermembrane space, heme lyase precursors use the TOM complex, which has been shown to be both necessary (13) and sufficient (28) . The preprotein receptors Tom20 and Tom22 are required for recognition at the mitochondrial surface (29, 30) . In contrast to other mitochondrial proteins of internal compartments, translocation of heme lyases occurs independently of the TIM machineries and of an electrical membrane potential (⌬⌿) at the inner membrane and does not require ATP (13, 26, 27) . Despite these insights into the translocation mechanism of heme lyases, the location and nature of the targeting information contained within these proteins were unknown.
Here, we describe the identification of the import signal contained within heme lyases. By systematic introduction of deletions into the CCHL of Neurospora crassa, we were able to locate the segment that is essential for import into the intermembrane space. The targeting signal is conserved among all known heme lyases and represents a general topogenic signal for protein sorting to the intermembrane space. The chemical properties of the ''heme lyase targeting signal'' are distinct from those of presequences. Therefore, this sequence represents a distinct targeting signal that mediates the direct entry into the mitochondrial intermembrane space, even in the absence of an external energy supply.
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Materials and Methods
General Procedures. Mitochondria isolated from the Saccharomyces cerevisiae strain W303a (MATa, ura3-1, ade2-1, trp1 -1, his3-11,15, leu2-3,112) were employed for in vitro protein import experiments. Cells were grown as detailed previously in rich medium containing 2% (vol͞vol) galactose (31, 32) . Standard procedures for the manipulation of DNA and for PCR were used (33) . The following published methods were employed: isolation of yeast mitochondria (34) ; purification of mitochondria by Nycodenz density gradient centrifugation (35) ; in vitro transcription and translation and protein import into isolated or density gradient-purified mitochondria (13, 27, 36, 37) ; subfractionation of mitochondria by hypotonic treatment (38) ; and depletion of ATP and the membrane potential (26, 27) .
Plasmid Constructions. The coding region of N. crassa CCHL (39) was subcloned in the vector pGEM-4Z as a PCR fragment by using the EcoRI͞BamHI sites. This plasmid was used as a template for PCRs to synthesize partial regions of the CCHL gene. These DNA fragments were then inserted into pGEM-4Z to result in DNA segments that encode the mutant CCHL proteins carrying the desired deletions. For N-and C-terminal truncations (CCHL ⌬2-70, CCHL ⌬2-170, CCHL ⌬177-346, CCHL ⌬281-346, and CCHL ⌬2-155;⌬280-346 mutant proteins), PCR products corresponding to the remaining coding regions of CCHL with flanking EcoRI and XbaI restriction sites were synthesized and inserted into the corresponding sites of pGEM-4Z. Internal deletion constructs (CCHL ⌬83-170, CCHL ⌬177-273, CCHL ⌬157-176, CCHL ⌬177-202, CCHL ⌬204-241, and CCHL ⌬243-276) were produced in two steps. First, the DNA fragments corresponding to the C-terminal pieces were synthesized as BglII͞XbaI PCR products, digested with XbaI, and inserted into the SmaI͞XbaI sites of pGEM-4Z. Then, the N-terminal fragments were ligated into this plasmid as EcoRI͞BglII PCR products.
The plasmids encoding the fusion proteins of dihydrofolate reductase (DHFR) and CCHL (termed DCD 203-225 and DCD 171-279) were obtained by inserting the entire or the N-terminal half of mouse DHFR into pGEM-4Z. PCR fragments of the N-terminal half of DHFR flanked by EcoRI͞BglII sites were introduced into the EcoRI͞SmaI sites of the vector. The DNA segments representing residues 203-225 and 171-279 of CCHL were inserted into these plasmids as BglII͞XbaI fragments. Finally, the C-terminal portion of DHFR was inserted by using the XbaI͞ HindIII sites.
The fusion protein DC 1 D 101-169 was created by inserting amino acid residues 101-169 of S. cerevisiae CC 1 HL (40) into the middle of DHFR. For generation of the coding sequence of this protein, the pGEM-4Z plasmid carrying the coding region of DCD 171-279 was cleaved with BglII and XbaI restriction enzymes to remove the N. crassa CCHL-derived fragment. A PCR fragment corresponding to codons 101-169 of S. cerevisiae CC 1 HL was inserted into the BglII͞XbaI sites of the residual DNA fragment and used for transcription of the encoded fusion protein.
Results
To identify the import signal in mitochondrial heme lyases, we chose CCHL of N. crassa as a model protein, introduced a series of deletions into its coding sequence, and studied the import of the mutant proteins into isolated mitochondria. First, mutant CCHL constructs were generated corresponding to the coding regions of either the N-or C-terminal halves of the protein. The mutant proteins were synthesized by in vitro transcription and translation in reticulocyte lysate in the presence of radioactive [ 35 S]methionine. An import reaction was performed by using isolated mitochondria, and translocation was assessed by treatment of the samples with proteinase K (Fig. 1 ). Import was quantitated by PhosphorImager analysis from the amount of protease-resistant preprotein relative (36) . After incubation for 10 min at 25°C, mitochondria were reisolated by centrifugation (10 min at 9,000 ϫ g). Mitochondria were resuspended in a small volume of SoH buffer (0.6 M sorbitol͞20 mM Hepes-KOH, pH 7.2). Samples were diluted 10-fold into SoH buffer or water in the presence or absence of proteinase K as indicated. The hypotonic condition results in swelling of the organelles and leads to selective rupture of the outer membrane allowing added proteinase K to degrade proteins exposed in the intermembrane space (D, CC 1HL) but not of proteins of the matrix (Tim44p and Mge1p). After incubation for 30 min at 0°C, protease digestion was halted by the addition of PMSF, and proteins were precipitated with trichloroacetic acid. Proteins were separated by SDS͞PAGE, blotted on nitrocellulose, and quantified by PhosphorImager analysis. In addition, an autoradiograph is shown. The material that is not digested after swelling represents aggregated preprotein. The rightmost lanes contain 50% of input preprotein as a standard (St.). Import (i.e., protease-resistant protein relative to bound material) varied by not more than 15% in various experiments.
to bound material. The correct location of the imported mutant proteins in the intermembrane space was estimated by selectively opening the outer membrane by hypotonic treatment (swelling) of the mitochondria (see Fig. 1D ). Residual material resistant to treatment by proteinase K under these conditions represented aggregated protein.
The C-terminal portion of CCHL (CCHL ⌬2-170) showed high import efficiency, which was comparable to that of intact CCHL ( Fig. 1 A and B) . Relative to the amount bound to mitochondria, at least 50% became protease-resistant indicating efficient import of the C-terminal half of CCHL into the intermembrane space. In contrast, no import was observed with the N-terminal half of CCHL (CCHL ⌬177-346; Fig. 1C ). We conclude that there is no essential import information contained within the N-terminal region of CCHL, distinguishing this protein from typical presequencecontaining preproteins. Conversely, the C-terminal half of the protein harbors the signals required for efficient translocation into mitochondria.
Next, we constructed mutant proteins in which quarters of the CCHL sequence were deleted. The in vitro import experiments revealed that the third quarter was necessary to direct CCHL into the intermembrane space, whereas deletion of the other three quarters had little or no effect on the efficiency of import (Fig. 2  A-D) . These data are consistent with the results shown in Fig. 1 and suggest that the targeting information within CCHL is not scattered throughout the protein sequence but rather is confined to a short region in the third quarter of the protein.
Is the targeting information located in the third quarter of CCHL sufficient to support import into the intermembrane space? To address this question, we constructed four mutant proteins that consisted of each of the quarters of CCHL. Efficient import was observed only for CCHL ⌬2-155-⌬280-346, i.e., the third quarter of CCHL (Fig. 2E) , whereas the other quarters did not become translocated (not shown). Together, the data presented in Fig. 2 show that sequence contained within the third quarter of CCHL is both necessary and sufficient for translocation into the intermembrane space.
To narrow down the region responsible for targeting, small deletions of about 30 amino acid residues were introduced into the third quarter of CCHL. Mutant heme lyase proteins lacking either residues 177-202 (CCHL ⌬177-202) or 243-276 (CCHL ⌬243-276) became imported into isolated mitochondria only weakly, whereas wild-type import efficiency was observed for CCHL ⌬157-176 in which a segment near the N terminus of the third quarter was deleted (Fig. 3) . Deletion of the residues 204-241 (CCHL ⌬204-241) decreased the import efficiency about 2.5-fold compared with that of native CCHL. Most of this segment is not conserved in other heme lyases and represents a sequence present only in N. crassa CCHL (ref. 41 ; see Fig. 6 ). The segments responsible for efficient import (residues 177-202 and 243-276) contain motifs that are highly conserved in all known heme lyases, suggesting that the identified sequences represent a general signal for targeting of these proteins.
To investigate whether the targeting signal of CCHL can support the translocation of passenger proteins into the intermembrane space, we inserted residues 171-279 into the cytosolic protein DHFR. The fusion protein DCD 171-279 became translocated into the mitochondrial intermembrane space at efficiencies similar to those of native CCHL (Fig. 4A) . In contrast, no import was observed when other segments of CCHL, e.g., the sequence present only in N. crassa CCHL (fusion protein DCD 203-225), were introduced into DHFR (Fig. 4B and data not shown) . Likewise, DHFR did not become transported, even after denaturation of this protein before the import reaction (not shown). Interestingly, when attached to the N or C terminus of DHFR, the heme lyase targeting signal could not support import (not shown). The reason for this observation is unknown, but one might speculate that translocation of heme lyases involves a looped structure. Taken together, the results of Figs. 3 and 4 A and B suggest that the conserved segments comprised by amino acid residues 177-202 and 243-276 of N. crassa CCHL harbor the information that is essential and sufficient for import into the mitochondrial intermembrane space.
The conserved nature of the targeting signal identified in N. crassa CCHL suggests that this sequence also may be used by other proteins, including CC 1 HL, for sorting to the intermembrane space. To test this expectation, the respective sequence of S. cerevisiae CC 1 HL was inserted into DHFR, and the import of the fusion protein DC 1 D 101-169 was followed. DC 1 D 101-169 was imported into the intermembrane space at an efficiency comparable to translocation of CC 1 HL (Fig. 4 C and D) . This result provides convincing evidence that this conserved segment of heme lyases is both necessary and sufficient for import into mitochondria and serves as a general targeting signal.
We finally asked whether the identified targeting sequence carries attached passenger proteins along the authentic import Fig. 2 . The third quarter of CCHL contains both necessary and sufficient targeting information. The import of the indicated CCHL mutant proteins was estimated as described in the legend of Fig. 1 . The amount of radiolabeled protein was quantitated by PhosphorImager analysis and is given above the autoradiographs relative to the amount of preprotein bound to mitochondria (set to 100%). The rightmost lanes contain 50% of input preprotein (St., standard).
pathway of heme lyases. To this end, we investigated the requirement of protease-sensitive surface receptors and external energy sources for the import of DCD 171-279 and DC 1 D 101-169. Translocation of both DHFR fusion proteins was strongly impaired after trypsin treatment of the mitochondria before the import reaction ( Fig. 5A and data not shown) . This impairment suggests the involvement of the surface receptors of the TOM complex in transport of these proteins, because a similar impairment has been reported for intact heme lyases (29, 30) .
Further, the dependence of transport of the DHFR fusion proteins on external energy sources was analyzed by employing isolated mitochondria in which either ATP was depleted by apyrase treatment or the membrane potential (⌬⌿) was uncoupled by the addition of carbonyl cyanide m-chlorophenylhydrazone. The lack of ATP or ⌬⌿ did not influence the import of DCD 171-279 or DC 1 D 101-169 fusion proteins significantly (Fig. 5 B and C and data not  shown) . Thus, heme lyase targeting sequences carry attached proteins into the intermembrane space without a requirement for external energy sources. Apparently, these sequences not only harbor the information for correct localization but also contain the potential to drive the import reaction. In conclusion, the targeting sequence of heme lyases can direct passenger proteins into the intermembrane space along the authentic pathway of heme lyases.
Discussion
In this report, we have identified the sequence element responsible for sorting of mitochondrial heme lyases to the intermembrane space. The heme lyase targeting signal represents a distinct topogenic sequence that differs structurally and functionally from classical N-terminal presequences. It is located in the third quarter of the heme lyase molecules and comprises about 60 amino acid residues. The sequence contains two highly conserved motifs that are characteristic signatures of all known mitochondrial heme lyases ( Fig. 6; ref. 42 ). It is conceivable that these regions, in addition to their role in sorting, are essential for the proper function of the proteins in heme attachment. The targeting signal is both necessary Fig. 3 . The import information of N. crassa CCHL is contained within two conserved small segments. Import of the indicated CCHL mutant proteins was estimated and analyzed as described in the legend of Fig. 2 . St., standard representing 50% of input preprotein. (A and  B) or of S. cerevisiae CC 1HL (C) were inserted into the cytosolic protein DHFR. Import of these fusion proteins or of CC 1HL (D) and further analysis of import were performed as described in the legend of Fig. 2 . Other parts of the heme lyases did not support the import of the corresponding fusion proteins (not shown). The DHFR sequence is indicated by the hatched boxes; the N. crassa CCHL and S. cerevisiae CC 1HL sequences are given as black and grey bars, respectively. St., standard representing 50% of input preprotein.
and sufficient for entry into the intermembrane space. It represents a general topogenic signal, because it possesses the capacity to direct even nonmitochondrial proteins to this compartment with high efficiency. In this aspect, the heme lyase targeting signal behaves similarly to classical mitochondrial presequences that are capable of targeting attached proteins to the mitochondrial matrix (43) .
Several properties distinguish the heme lyase targeting signal from mitochondrial presequences. The latter can pass across both mitochondrial membranes, whereas the heme lyase targeting signal is capable of guiding proteins only across the outer membrane. Nevertheless, sorting of heme lyases to the intermembrane space can be overridden when a presequence is attached to the N terminus of the protein (44) . The N-terminal targeting signal causes the membrane potential-dependent entry of the fusion protein into the matrix. Presequences, in contrast to the heme lyase signal, do not have any sequence homology, not even when orthologous proteins of different species are compared. This fact suggests a specific interaction of the heme lyase signal with a component of the target compartment (see below). The heme lyase targeting signal is highly hydrophilic (30% charged residues) containing a similar number of positively and negatively charged residues that are distributed over the entire sequence element. Secondary structure predictions for this sequence assign a helical structure to the regions corresponding to residues 184-198 and 249-259 of N. crassa CCHL and an extended structure for residues 275-278. No structural preference is revealed for the remainder portions (Fig. 6 ). Presequences usually do not harbor negative charges and are predicted to form amphipathic helices (4, 5) . Thus, the chemical character of the heme lyase signal differs markedly from that of presequences. From all these criteria, it is evident that the heme lyase targeting signal represents a distinct topogenic sequence with the capacity to guide proteins to the intermembrane space.
A comparison of the mechanisms by which presequences and the heme lyase targeting signal mediate translocation of attached proteins reveals striking similarities for transport across the outer membrane but substantial differences for passage across the inner membrane. At the surface of the outer membrane, the presequence is recognized by the receptors Tom20 and Tom22 (45) (46) (47) . From this ''cis-binding site,'' the presequence is reversibly transferred across an aqueous channel comprised of Tom40 (28, 48) to reach the "trans site" that is formed by intermembrane space regions of Tom40 (45, 49, 50) . Our data together with previous results indicate a similar mechanism for transport mediated by the heme lyase targeting signal involving binding to at least two sites on either face of the outer membrane. At the cis side, heme lyases interact with the surface receptors Tom20 and Tom22 (29, 30) . The different chemical properties of presequences and the heme lyase targeting signal make it likely that distinct regions on the receptor proteins are used for interaction with these signals at the mitochondrial surface. The ability of the receptors to differentiate between various Under any of these conditions, import of presequence-containing preproteins into the matrix was strongly impaired (not shown). Further treatment of the samples and analysis of import were performed as described in Fig. 2 . The result for only one of the heme lyase͞DHFR fusion proteins is shown. Fig. 6 . The heme lyase targeting signal encompasses two signature motifs that are highly conserved in these proteins. The sequence alignment of known heme lyases was prepared by using the MULTALIN program (54) . No bacterial homologues have been identified. The heme lyase targeting signal determined in this study is underlined. The secondary structure of these sequences was predicted by using the PHDSEC program (55) portions of targeting signals has been reported recently (51) . These findings imply multiple binding regions on the preprotein receptors and raise the question of their precise location. It will also be interesting to define the types of forces engaged between presequences, the heme lyase targeting signal, and receptors.
A trans-binding site for heme lyases seems to be located at the inner face of the TOM complex, because purified outer membrane vesicles or proteoliposomes containing only isolated TOM complex support the import of CCHL (13, 28) . Presumably, Tom40 participates in this specific interaction as it does in binding of presequences. Further, a component at the outer face of the inner membrane may be responsible for the release of heme lyases from the TOM complex and their transfer to the inner membrane, the functional site of these proteins (23) . It is unknown how this transfer occurs, but it is tempting to speculate that the targeting sequence may also play a role in assuring exclusive localization at the inner membrane.
Apart from the selective interaction of the presequence with the intermembrane space domain of Tim23 (8), an entirely different mechanism is used for translocation of the presequence across the mitochondrial inner membrane. Transfer of the presequence into the matrix does not occur spontaneously but is driven by an electrochemical potential (52) . Presumably, this positively charged signal uses an electrophoretic mechanism to slide through the membrane (53) and reach Tim44 and mitochondrial Hsp70, which are not specific for presequences. Translocation of the other parts of the preprotein requires the ATP-dependent function of mitochondrial Hsp70. Thus, the energetic features of membrane passage discriminate the transport of heme lyases and presequence-containing preproteins.
The import mechanism unraveled for heme lyases provides a paradigm for a pathway that does not require an external energy input. Both ATP and a membrane potential at the inner membrane are dispensable for membrane passage of heme lyases (refs. 26 and 27 and this study). Previously, it has been shown that the energy of protein folding in the intermembrane space cannot account for the efficient and specific localization to the intermembrane space (27) . The data reported here further support this conclusion. These findings raise the question of what drives the import of heme lyases. All available evidence suggests that entry into mitochondria is propelled by high-affinity interactions of the heme lyase targeting sequence with components of the intermembrane space, e.g., by internal regions of Tom40 (see above). In this view, the topogenic signal identified by our work harbors two types of information that are essential for localization of attached proteins to the intermembrane space. First, the targeting signal determines the specificity of transport into this compartment. Second, the signal is responsible for driving the import reaction, presumably by undergoing one or more high-affinity interactions with components of the intermembrane space.
The identification of the internal import signal in heme lyases will now facilitate investigations on its precise molecular function and on the structural and energetic basis for its interaction with components of the import machinery.
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